Abstract Tissue-type plasminogen activator (t-PA), a serine protease, activates the conversion of plasminogen to the fibrinolytic protein, plasmin. The t-PA gene, mapped to chromosome 8p12-p11.2, contains 14 exons. An Alu insertion/deletion (I/D) polymorphism in this gene has been associated with an increased risk for myocardial infarction. In the work reported here we sequenced 11 kilobases (kb) of genomic DNA from 50 normal Japanese volunteers (100 alleles), to include all 14 exons of the t-PA gene, flanking intronic sequences, and 6 kb of the 5Ј sequence. These experiments identified eight novel single-nucleotide polymorphisms (SNPs), in addition to the known Alu I/D polymorphism, from which genotypic data we constructed 12 haplotypes in the tested population. Two-way comparisons of SNPs and the Alu polymorphism revealed strong linkage disequilibrium between the Alu site and SNPs at positions 20,209 ( 2 ϭ 92.263) and 27,555 ( 2 ϭ 47.53), and between SNPs at positions 27,849 and 28,902 ( 2 ϭ 66.331). A phylogenic tree was constructed to infer a process of genome construction that would reflect the sequence variations we observed. Our results help to explain the lack of agreement among results of various disease-association studies in which a contribution of the human t-PA gene has been suspected but not always confirmed.
Introduction
Elevated levels of tissue-type plasminogen activator (t-PA) antigen may predict risk of future myocardial infarction (MI) and thrombotic stroke (Ridker et al. 1993 (Ridker et al. , 1994 Zunker et al. 1999) . It is also thought that t-PA plays an important role in the etiology of inflammation, the healing of injuries, the prognosis and metastasis of cancer, and the susceptibility to other diseases (Duffy et al. 1988; Brommer et al. 1992; Yamashita et al. 1992; Schafer et al. 1994) .
Defective activity of t-PA, a serine protease that activates the conversion of plasminogen to the fibrinolytic protein, plasmin, plays an important role in the pathogenesis of MI (Fuster et al. 1992 ). The enzyme is administered therapeutically in patients with MI and in those with other thrombotic diseases, such as pulmonary embolism. When initiated early after the onset of MI, the intravenous infusion of t-PA rapidly dissolves clots in coronary arteries and decreases mortality (Fibrinolytic Therapy Trialists' [FTT] Collaborative Group 1994).
The human t-PA gene has been mapped to chromosome 8p12-p11.2. Its 14 exons span 37kb of genomic DNA (Sandra et al. 1986 ). Ludwig et al. (1992) described an Alurepeat insertion/deletion (I/D) polymorphism in intron 8 of the t-PA gene as the basis for observed restriction fragmentlength polymorphism, and the insertion allele was later implicated in the development of MI (van der Bom et al. 1997) . Some subsequent studies supported that result, but others found no association, and the conclusion remains controversial (Ridker et al. 1997) .
In the present work, we identified eight single-nucleotide polymorphisms (SNPs) at the t-PA locus by sequencing an 11-kb genomic sequence in DNA from 50 Japanese individuals (100 alleles), and we theanalyzed haplotypes and allelic frequencies. We also looked for linkage disequilibrium among the SNPs and the I/D polymorphism, in the hope of explaining the genetic diversity we found at this locus in our small test population.
Linkage disequilibrium and haplotype analysis among eight novel single-nucleotide polymorphisms in the human tissue-type plasminogen activator (t-PA) gene Materials and methods
DNA samples
Blood samples were drawn into heparinized tubes, and the leukocyte pellets were separated. Genomic DNA was extracted from the white-cell layer by standard techniques , and 50 ng of each DNA was used for the polymerase chain reaction (PCR). All subjects gave their written informed consent to participate in the study and to supply blood samples for DNA analysis.
Polymerase chain reactions
Primers for PCR experiments were designed on the basis of the t-PA gene sequence (Genbank accession numbers, K03021 and Z48484), to amplify fragments that, together, would include all 14 exons, flanking intronic sequences and 6 kb of the 5Ј flanking region (Bulens et al. 1995; Sandra et al. 1986; Nakajima et al. 2000) . Amplifications of genomic DNA took place in volumes of 10 µl, containing 20mM TrisHCl (pH 8.0), 2 mM MgCl 2 , 50 mM KCl, 2.5 mM each dNTP, and 0.5 U of ExTaq polymerase (Takara Shuzou, Kyoto, Japan). The reactions proceeded in 30 cycles of 30-s denaturation at 94°C, 30-s annealing at 58°C-62°C, and 30-s to 1-min elongation at 72°C, as described previously Watanabe et al. 1998) . A 2-µl aliquot from each reaction was assayed on 1.0% agarose gel to confirm the product, and the remainder was purified using Multiscreen FB (Millipore, Bedford, MA, USA).
Direct sequencing
DNA sequencing was done with the BigDye Terminator Cycle Sequencing FS (PE Biosystems, Foster City, CA, USA) and determined with an ABI PRISM 377-96 sequencer (Applied Biosystems, Foster City, CA, USA), as described by Seki et al. (2000) . Results were processed with Sequencher, version 3.0 (Hitachi Software, Yokohama, Japan), to compare sequences and to locate polymorphisms (Nakajima et al. 1999 ). Polymorphisms were confirmed by sequencing with reverse primers.
Genotyping of the Alu I/D polymorphism
Alleles of the Alu-repeat polymorphism in intron 8 were identified in all 50 subjects by PCR amplification of the appropriate fragments (967/655 bp) of the tPA gene, followed by electrophoresis in agarose gel in the manner described by Ludwig et al. (1992) .
Determination of haplotype frequencies, tests of linkage disequilibrium, and construction of most-probable phylogenic tree Haplotype frequencies in the 100 alleles investigated were calculated with Arlequin software (Genetics and Biometry Laboratory, Geneva, Switzerland). We investigated linkage disequilibrium for all possible two-way comparisons of the novel SNPs and the Alu I/D polymorphism, using several widely employed methods (D, DЈ, and r 2 ; Lewontin 1988; Miller et al. 2000) . That is, for loci LA and LB, each with two alleles A (B) and a (b), let p A be the frequency of allele A, let p AB be the frequency of the AB haplotype, and (in general) p i be the frequency of allele i, and p ij the frequency of the ij haplotype. The coefficient of disequilibrium, D, is the difference between the observed haplotype frequency and the frequency expected under statistical independence: D ϭ p AB p ab Ϫ p Ab p aB . The normalized disequilibrium coefficient is obtained by dividing D by its maximum possible value (DЈ ϭ D/|D| max );
/(A B a b). Significance levels were determined by 2 statistics for the corresponding 2 ϫ 2 table. The DNAPARS program in PHYLIP 3.6 (Felsenstein 2000) was used to infer the maximum parsimony tree for the seven major haplotypes, and an unrooted phylogenic tree was drawn using DRAWTREE in PHYLIP 3.6.
Results
By sequencing both t-PA alleles from 50 individuals we found eight novel SNPs, four in the 5Ј flanking region, at positions Ϫ5280 (C/A), Ϫ4358 (G/C), Ϫ3403 (G/A), and Ϫ15 (T/C), respectively. Two silent SNPs were found in coding sequences, one at position 20,209 (exon 6) and the other at 28,902 (exon 13). The remaining two SNPs were at positions 27,555 (intron 10) and 27,849 (intron 11). All 50 subjects were typed for the Alu I/D polymorphic site; 15 (30%) were genotype II, 25 (50%) were genotype ID, and 10 (20%) were genotype DD. Distributions of genotypes and allele frequencies among all nine polymorphisms are shown in Table 1 . The distribution of Alu I/D alleles in our Japanese subjects was similar to that previously reported in Caucasians. The observed allelic frequencies at each newly identified SNP and the I/D polymorphism were in HardyWeinberg equilibrium.
Construction of haplotypes and calculation of their frequencies were carried out using the Arlequin algorithm; the results are summarized in Table 2 . The SNPs at Ϫ5280, Ϫ3403, and Ϫ15 were excluded from this analysis because their minor alleles were too rare. Nevertheless, we identified 12 distinct haplotypes among the 50 Japanese subjects, and 3 of them were more frequent than 10%. Three haplotypes contained the insertion allele of the Alu I/D polymorphism; 1 of them (I-1; Table 2 ) accounted for 49% of these haplotypes. In contrast, there were 9 haplotypes with the D allele, the highest frequency being 14% (D-1).
We analyzed linkage disequilibrium for all possible twoway comparisons of SNPs and the Alu I/D polymorphism by several methods (D, DЈ, r 2 , and the 2 test). The results are shown in Table 3 . Again, SNPs with rare alleles (at positions Ϫ5280, Ϫ3403, and Ϫ15) were excluded from the analysis. Strong linkage disequilibrium was identified be- To infer the process of genome construction in the studied population, we constructed a most-probable phylogenic tree on the basis of the haplotypes we determined. The results are presented in Fig. 1 . Because of statistical difficulty and controversy regarding details of the method, we used only the seven major haplotypes for constructing the phylogenic tree. We used the parsimony method in the DNAPARS program, and thus constructed one tree with eight changes of base needed on the tree.
We found four differences in nucleotide sequence between the previously published sequence of t-PA and our data (Table 4) . However, all of our subjects showed identical nucleotides at the sites in question, and additional sequencing of DNA from 16 Caucasians (32 alleles) yielded results identical to those we obtained in our Japanese panel.
Discussion
Decreased fibrinolytic activity causes clot formation in coronary arteries and increases the risk of myocardial infarction (MI) (Fuster et al. 1992 ). In the Rotterdam Study, van der Bom et al. (1997) determined levels of t-PA antigen and t-PA activity in plasma and genotyped the Alu I/D polymorphism in intron 8 of the t-PA gene in 121 patients with MI, and in 250 controls. The insertion allele of the I/D polymorphism was associated with an increased risk of nonfatal MI, and an increased level of t-PA antigen was associated with an increased risk of MI. Several subsequent investigations in other populations yielded different results, usually attributed to ethnic variations (Iacoviello et al. 1996; Ridker et al. 1997) .
Until now, polymorphism in the t-PA gene, except for the Alu I/D polymorphism, has not been investigated. We assessed the sequence of all 14 t-PA exons, intronic se- 
0.01000 G C D T G T a I and D indicate insertion or deletion alleles of the Alu I/D polymorphism in intron 8. SNPs at positions Ϫ5280, Ϫ3403, and Ϫ15 were excluded because of low frequencies of the minor alleles quences flanking each exon, and the upstream region in genomic DNA from 50 Japanese volunteers, and found eight SNPs. Two of them were in exons but did not cause amino-acid replacements. We found four SNPs in the 5Ј region; one of them was at position Ϫ15, but its minor allele was rare. Additional investigations will be required to assess the influence of the upstream SNPs on the transcription of t-PA.
We constructed 12 possible haplotypes from five of the SNPs and the Alu I/D polymorphism. Most of the alleles with insertion of the Alu sequence were the same haplotype (49%), but haplotypes of alleles with deletion of the Alu sequence were well separated in terms of distribution. Insertion or deletion of the Alu sequence in the human t-PA gene is thought to have occurred early in human evolution, because both alleles occur at similar frequencies in different ethnic groups; the Alu insertion is considered to be the ancestral type, and it is considered that deletion of the sequence occurred afterward (Ludwig et al. 1992) . Our data show remarkable haplotype maintenance among alleles that contain the Alu insertion, compared with alleles with the deletion. To speculate on this point, the Alu element may indeed be an insertion rather than a deletion, but the proportion of haplotypes with an I allele (55%) is too large to support this conclusion.
To infer the process of genome construction from haplotype frequencies is not easy, and the method of doing so is controversial. Although the number of SNPs was small, a phylogenic tree could be constructed from our results, using the parsimony method (Fig. 1) . Because it was difficult to place all 12 haplotypes together in one tree, we excluded the 5 haplotypes with low frequencies. With all 12 haplotypes, 
a 100 Alleles b 32 Alleles Fig. 1 . Phylogenic tree constructed on the basis of the seven major t-PA haplotypes in the test population (see Table 2 ). The area of each circle reflects the relative frequency of that haplotype. The Alu insertion/deletion (I/D) event occurs along the branch at the dotted line.
Five of the 12 haplotypes we constructed (D5-D9) were excluded because of their low frequencies 36 equally parsimonious trees were constructed. Uncertainly regarding recombination events is a major limitation for constructing a phylogenic tree, and it is probable that recombinations that have occurred within the t-PA gene over time are responsible for the difficulty we found in constructing a phylogenic tree with all 12 haplotypes. Five SNPs were in linkage disequilibrium with the Alu I/D polymorphism, two of them being in strong linkage disequilibrium. Moreover, the SNPs at positions 27,849 and 28,902 were in strong linkage disequilibrium with each other. We suggest that recombination within the sequence that includes these two SNPs probably occurred after the Alu I/D event. Linkage disequilibrium in the human genome is still poorly understood, but it is thought to be determined by the age of the markers, the population history, the recombination rate, selection, and genetic drift (Miller et al. 2000) . Isolated populations tend to show strong linkage disequilibrium, while population admixture weakens the linkage disequilibrium (Wright et al. 1999) .
In the present study, we investigated the Japanese genome; therefore, it is possible that an isolated ethnic trait may have affected our results. However, although we found four nucleotides that diverged from the published t-PA gene sequence, we found identical nucleotides at those sites when we sequenced 32 Caucasian alleles. The eight novel SNPs we identified at that locus are not very likely to change the t-PA phenotype, but they may prove to be useful as genetic markers for population-based disease-association studies. The genetic knowledge of the novel SNPs at the t-PA locus, and the relationships among them (including the linkage disequilibrium state), together with the inference regarding the evolutionary relationships of the SNPs described in the present study should facilitate more refined clinical association studies of myocardial infarction by clinical scientists.
